ABSTRACT Broilers in the United States are typically electrically stunned using low voltage-high frequency (12-38 V, ≥400 Hz) DC or AC water bath stunners. In the European Union, however, broilers are required to be electrocuted using high voltagelow frequency (50-150 V, 50-350 Hz) AC. Low voltage stunned broilers regain consciousness in the absence of bleeding. In contrast, high voltage stunned broilers die due to induction of cardiac fibrillation. For birds stunned with low voltage systems, concerns have been raised regarding animal welfare during bleeding. This work evaluated the impact of extended DC stunning duration and alternative stunning methods (DC+AC combination) on the recovery of bird consciousness and meat quality. In the absence of bleeding, broilers that were DC stunned for extended times (60, 90, or 120 s), 63, 10, or 0% of broilers, respectively, were able to recover consciousness. Alternative stunning protocols included water bath stunning broilers at 15 or 25 V DC for 10 s followed by plate stunning at 100, 110, or 120 V AC for 5 s. Prior to shackling, live body weight and shank width were measured and during stunning, maximum mA for both DC and AC stuns were recorded. All of the alternative stunning protocols (DC+AC) resulted in non-recoverable stunning. The maximum mA recorded during both DC and AC stunning were moderately/strongly (r = 0.54-0.81) correlated to body weight and poorly/moderately (r = 0.27-0.74) correlated to shank width. No significant differences for carcass or meat quality characteristics (hemorrhages, red wing tips, broken clavicles, pH, cook loss, a * and b * color values, and MORS shear energy) were detected between control (15 or 25 V DC only) and treatment groups (DC+AC combination stunning). The only significant different meat quality parameter was L * values where the lowest voltage group (15 V DC) had the darkest fillets (53.27) and the 15 V DC+100 V AC group had the lightest fillets (55.61) with all other groups intermediate. These data indicate that stunning parameters combining DC and AC stunning may be viable protocols when a stun-to-death is desired.
INTRODUCTION
Electrical stunning is commonly utilized in commercial poultry slaughter. The stunning of poultry prior to slaughter renders the birds unconscious and enables the use of mechanical neck cutting or decapitation to initiate exsanguination. If birds are not stunned prior to exsanguination, clonic-tonic convulsions (death struggle) will occur, leading to carcass damage (broken wings and clavicles) (Ali et al., 2007; Mackie and McKeegan, 2016) . While high voltage-low frequency stunning systems that yield a minimum current of 100 mA per broiler at 50 Hz sine wave alternating current (AC) are required for use in the European Union, both direct current (DC) and AC low voltage-high frequency stunning systems are typically utilized in the United States, where stunning conditions are not mandated for poultry (Humane Methods of Slaughter Act, 1958; Humane Methods of Slaughter Act, 1978; Bilgili, 1999; Raj and O-Callaghan, 2004 ; Council of the European Union, 2008; Xu et al., 2011) . These low-voltage DC water bath systems (approximately 15 V DC) sometimes include the addition of an AC plate (approximately 37 V AC) following the DC stun (2-phase stunner). The electrical stunning of broilers prior to exsanguination has significant positive effects on broiler carcass meat quality 3495 including increased breast muscle tenderness (Lee et al., 1979; Craig and Fletcher, 1997; Bilgili, 1999) . Carcass defects, which include bruising, discoloration, broken or dislocated bones, damaged viscera, bruised wing joints, red wing tips, and breast fillet hemorrhaging, have all been attributed to stunning at excessively high voltages (Veerkamp and deVries, 1983; Heath, 1984; Veerkamp, 1988; Gregory, Austin and Wilkins, 1989) . Studies comparing low vs. high voltage or low vs. high amperage have demonstrated that higher voltages or amperages are detrimental to meat quality (Dickens and Lyon, 1993; Papinaho and Fletcher, 1996) . Positive impact on breast meat quality with decreases in the WarnerBratzler shear values have been observed with increasing stunning voltages and frequencies (Xu et al., 2011) . When broilers were stunned with high voltage-low frequency (100 V AC for 3 s), about half had induced ventricular fibrillation (Goksoy et al., 1999) . When the carcasses of those broilers that experienced ventricular fibrillation were compared to carcasses of those broilers whose hearts had a normal rhythm, no significant differences were observed in broken bones, hemorrhages, red wing tips, or shear values. The only significant difference observed in meat quality parameters was a slightly lower pH at 10 min postmortem, which dissipated by 24 h postmortem. It is hypothesized that the application of low voltage DC water bath stunning preceding high voltage AC plate stunning may mitigate the negative meat and carcass quality effects of high voltage AC water bath stunning while retaining the positive animal welfare effect of heart fibrillation resulting in death and eliminating the possibility of regaining consciousness during bleedout.
The objectives of this work were to assess the duration of stun required to prevent the recovery of consciousness during low voltage DC water bath stunning, the relationship between gender, live body weight, shank width, and maximum current, and the feasibility of alternative stunning protocols to prevent the recovery of consciousness while minimizing meat quality defects.
MATERIALS AND METHODS
Three separate stunning experiments were conducted. In Experiment 1, the duration of low-voltage DC stunning time necessary to prevent a return to consciousness and the relationships between gender, body weight, shank width, and maximum current was assessed. In Experiment 2, the voltage required to prevent a return to consciousness and the relationships between gender, body weight, shank width, and current applied was assessed. In Experiment 3, the impact on meat quality of alternative stunning protocols developed in Experiment 2 was assessed. For all 3 experiments, broilers at approximately 42 d of age were obtained from the live haul area of a commercial processing plant and were transported less than 15 min to the USDA-ARS U.S. National Poultry Research Center's pilot processing plant. All live animals used in this work were covered by an animal use proposal approved by the U.S. National Poultry Research Center IACUC.
In Experiment 1, 3 replicates for a total of 66 female and 78 male (gender determined by internal examination) broilers were utilized. Each broiler was weighed individually, shank width between the medial and lateral sides (where shackle contact occurs) was measured with a vernier caliper at the shackle contact zone just above the medial spur bud, and then the broiler was inverted and placed into a shackle by the feet. Prior to entering the stunner, the feet were sprayed with tap water to maximize conductivity. Broilers were individually stunned using a brine stunner (model LD-7001, Simmons Engineering Company, Dallas, GA) set at either 15 V or 25 V pulse direct current (500 Hz) for 60, 90, or 120 s. Voltages of 15 or 25 V were selected to simulate industry standards. Time points of 60, 90, or 120 s were chosen to simulate the possible effect of stopping the kill line when broilers are present in the stunner. Once it was determined that 0% of broilers recovered when stunned for 120 s, longer time points were deemed unnecessary. A control time point of 10 s of stunning was not included because it is generally accepted that broilers should recover from electrical stunning at 15 or 25 V for 10 s. To achieve 60, 90, or 120 s time points, the processing shackle line was run until the broiler was in the middle of the stunner (5 s). Then the line was stopped for 50, 80, or 110 s after which the line was restarted for an additional 5 s of stunning. During stunning, the maximum current in mA displayed on the stunner control box readout was recorded. Following stunning, each broiler was removed from the shackle, placed on the floor on its side, and allowed 120 s for recovery. Recovery of consciousness was recorded as either Yes or No.
In Experiment 2, broilers were stunned utilizing both DC water bath and AC plate (2-phase) stunning. The aim of this experiment was to stun broilers utilizing typical commercial parameters for length of stunning time and DC voltages while increasing the AC voltages to a level that would induce an unrecoverable stun. An unrecoverable stun would be advantageous for preventing the possibility of a conscious broiler entering the scalder if the neck cut was insufficient. Six replicates for a total of 165 male broilers were utilized. Each broiler was weighed individually, shank width measured, the broiler was placed into shackles by the feet and the feet sprayed with tap water. In replicates 1 to 4, broilers were individually stunned using a brine/plate stunner (model LD-7001) set at either 15 V or 25 V pulse direct current (500 Hz) water bath for 10 s immediately followed by an alternating current (60 Hz) plate at 100 or 120 V for 5 s. In replicates 5 to 6, 2 additional stunning protocols (15 V DC + 110 V AC, 25 V DC + 110 V AC) were added. During stunning, the maximum current in mA displayed on the stunner control boxes readouts for both DC and AC were recorded. Following stunning, each broiler remained in the shackle and was allowed 120 s for recovery. Recovery of consciousness was recorded as either Yes or No. In addition to individual stunning, another 120 broilers were stunned in groups of 5. Six replicate groups of 5 broilers were alternately stunned at either 15 V or 25 V DC water bath for 10 s followed by 100 V or 120 V AC plate for 5 s. Following stunning, broilers remained shackled and 120 s was allowed for recovery. Recovery of consciousness was recorded as either Yes or No. The maximum DC or AC current was not reported for broilers stunned in groups of 5 because, during stunning, all 5 broilers were only momentarily being stunned at the same time. For both Experiments 1 and 2, the experimental protocols were completed following the stunning treatment; however, in some instances, the broilers were processed and utilized for experiments by other researchers. All broilers utilized were destined for commercial slaughter.
In Experiment 3, 3 replicates utilizing a total of 120 male broilers were conducted. Broilers were weighed individually and placed into shackles by their feet. In the first replicate, broilers were slaughtered in alternating groups of 10 broilers. In replicates 2 and 3, broilers were slaughtered in alternating groups of 5 broilers. Broilers were stunned at one of 6 treatment groups; 1) 15 V DC, 2) 25 V DC, 3) 15 V DC + 100 V AC, 4) 15 V DC + 120 V AC, 5) 25 V DC + 100 V, 6) 25 V DC + 120 V AC. DC stuns were applied by water bath for 10 s and AC stuns were applied by a metal plate for 5 s. Following stunning, broilers were slaughtered using an automatic rotary blade (model SK-5, Simmons Engineering Company) to sever both carotid arteries and jugular vein and were bled for 2 min. Carcasses were hardscalded at 58
• C (137 • F) for 90 s in a triple tank system (model SGS-3CA, Stork-Gamco Inc., Gainesville, GA) and defeathered for 30 s using a single-pass mechanical picker (model D-8, Stork-Gamco Inc.). The neck, feet, and viscera were manually removed from each carcass, the thoracic inlet was cleared of any remaining tracheal, crop, or esophageal tissue. Carcasses were pre-chilled for 15 min in an ice/water immersion paddle chiller in approximately 7.6
• C (46 • F) water and then transferred to a secondary chiller. Carcasses were then chilled for 45 min in an air-agitated ice/water immersion auger chiller (approximately 0.5
• C (33 • F)) at which point a deep breast muscle temperature of less than 4
• C (39 • F) was confirmed. Following chilling, carcasses were placed in plastic tubs and held at 4
• C (39 • F) in a walk-in cooler until 2 h post-mortem.
At 2 h post-mortem, the breast skin was pulled back to reveal the breast meat, carcasses were photographed for assessment of breast muscle surface hemorrhages and red wing tips. Breast fillets were then removed from the carcasses for meat quality analyses as described by Chatterjee et al., 2016 . Following deboning, carcasses were inspected for broken clavicles. One deboned fillet from each carcass was weighed and breast meat pH was measured in the cranial end of each fillet. Breast meat color (lightness L * , redness a * , and yellowness b * ) was measured in duplicate on the dorsal (bone) side of each fillet with a Minolta spectrophotometer CM-700d (Konica Minolta, Ramsey, NJ). Breast fillets were placed in sealed plastic bags and held at 4 • C until 24 h postmortem. Breast fillets were then weighed, vacuum packaged in cooking bags, and cooked to an internal temperature of 78 to 80
• C (172 to 176
• F) in a Henny Penny combi oven, (Henny Penny Co., Eaton, OH). Cooked fillet weights were recorded after samples were allowed to cool at room temperature for 2 h post-cooking. Cook loss was calculated as the percentage of weight lost divided by the pre-cook weight. Following cooking, texture analysis was conducted using the Meullenet-Owens Razor Shear (MORS) analysis method (Cavitt et al., 2004) . MORS energy (N·mm) was determined by shearing fillets perpendicular to the muscle fibers on the ventral surface using a Texture Analyzer (Model TA-XT-plus, Texture Technologies Corp, Hamilton, MA) with a 50 kg load cell, the MORS blade (0.5 mm thick, 8.9 mm wide, and 30 mm height), and a 20 mm penetration depth. For each fillet, 6 shears with 2 cm between each shear were recorded and averaged for shear energy value.
Statistically significant differences in recovery of consciousness were determined using Chi-square and Fishers Exact tests. Correlations between body weight, shank width, and electrical current were analyzed with the PROC CORR method of SAS. Body weight, shank width, current, and meat quality characteristics were analyzed using the General Linear Model procedure of SAS (SAS, Cary, NC) with a significance assigned at P ≤ 0.05. Means were separated by Tukey's Honestly Significant Difference test.
RESULTS AND DISCUSSION
The ability to recover consciousness for male and female broilers following DC water bath stunning for 60, 90, or 120 s at 15 or 25 V was evaluated and results presented in Table 1 . Following stunning for 60 s at 15 or 25 V DC, 75% or 50%, respectively, of the broilers were able to regain consciousness. Only for broilers stunned at 25 V for 60 s, were significantly more female broilers (82%) able to recover consciousness when compared to male (23%) broilers. At all other voltages and time points, there were no significant differences in recovery of consciousness between male and female broilers. When broilers were stunned for 90 s at 15 or 25 V, 17% or 4% of broilers, respectively, recovered consciousness. The duration of stunning time required to prevent the return of consciousness of 100% of the broilers when they were stunned at either 15 or 25 V DC was 120 s.
A proposed explanation for the significant difference observed between male and female broiler recovery of consciousness at 25 V and 60 s may be the degree of electrical contact of the broiler shanks within the shackle. Broiler body weight, shank width, and mA obtained during stunning at 15 or 25 V for males and females were analyzed (Table 2 ). Female broilers of the same age as male broilers had significantly lower live body weight, narrower shanks, and experienced a lower maximum current than male broilers. At current commercial live body weights at processing, broiler shank widths are wide enough that the legs of both female and male legs often require physical force to seat the shanks at the bottom of the shackle. The shanks need to be seated at the bottom of the shackle to have the broiler in the appropriate position for stunning. The greater ability of the female broilers to regain consciousness in this experiment may be explained by the significantly lower body weight and shank width, leading to a significantly lower maximum mA observed in female broilers. To more definitively determine whether gender or body weight and shank width are influencing maximum mA, data were analyzed using a smaller subset of males (n = 9 at 15 V, n = 9 at 25 V) and females (n = 5 at 15 V, n = 9 at 25 V) of the same body weight range (2,000 to 2,099 g). No significant differences in body weight or shank width were observed between males and females. However, females still had significantly lower maximum mA than males when stunned at either 15 or 25 V (13 vs. 15 mA at 15 V, P = 0.0293; 23 vs. 26 mA at 25 V, P = 0.0262). While body weight and shank Table 3 . Correlation coefficients (r) between body weight (BWT): shank width (SW), body weight: mA stunning current, and shank width: mA stunning current of female and male broilers, Experiment 1. width can partially explain the maximum mA difference in males and females, other undefined factors such as body composition may also impact the ability of current to pass through the broiler. Female broilers have been shown to have a greater percentage of total abdominal fat than male broilers (Marx et al., 2016) , which may possibly impact stunning current. It is hypothesized that the wider shanks of males lead to greater contact between the shank and shackle partially resulting in the increase in maximum current. To further analyze the relationship between live body weight, shank width, and maximum current during stunning, the data were analyzed by correlation coefficients (Table 3 ). Significant moderate (r ≈ 0.50) to strong (r ≈ 0.70) correlation coefficients (r values) between body weight and shank width, body weight and current, and shank width and current were observed when broilers were stunned at 15 V and 25 V for both male and female broilers. When broilers were stunned at either 15 or 25 V, significant moderate to strong (0.66 to 0.73) correlation coefficients were observed for body weight and shank width. Significant strong (0.69 to 0.80) correlation coefficients were observed for body weight and current and significant strong (0.67 to 0.74) correlation coefficients were observed for shank width and current. Preventing the recovery of consciousness through DC water bath stunning at 15 or 25 V required 120 s (Experiment 1) and would not currently be feasible in the commercial poultry industry due to the combination of line speeds (140 birds/min) and stunner length (more than 9 m). In previous work increasing DC water bath stunning voltages greater than 25 V (35 and 45 V) led to a significant increase in carcass damage (Huang et al., 2017) . In a study assessing the impact of AC stunning frequency (∼105 mA for 4 s), it was determined that stunning frequencies of 100 Hz or greater did not lead to fibrillation of the heart (Wilkins et al., 1998) .
In Experiment 2, broilers were stunned utilizing both DC water bath and AC plate (2-phase) stunning. The aim of this experiment was to stun broilers utilizing typical commercial parameters for length of stunning time and DC voltages while increase the AC voltages to a level that would induce an unrecoverable stun. An unrecoverable stun would be advantageous for preventing the possibility of a conscious broiler entering the Table 4 . Recovery of consciousness of broilers water bath stunned at 15 or 25 V DC for 10 s followed by a plate stun at 100, 110, or 120 V AC for 5 s, Experiment 2. 1 BWT = body weight. 2 Repetitions 1-4 are reported separately from repetitions 5-6 due to a significant difference in the live body weight of broilers utilized.
3 ±standard deviations. A-C Differing superscripts within a repetition set (1-4 or 5-6) and within a column differ significantly (P ≤ 0.05).
scalder if the neck cut was insufficient. Alternative stunning methods including both low voltage water bath DC for 10 s and high voltage plate AC stunning for 5 s were utilized with the goal of preventing the recovery of consciousness (Experiment 2). For both Experiments 2 and 3, only male broilers were utilized to avoid variability due to gender. The recovery of consciousness following 6 alternative stunning protocols including both DC water bath and AC plate stunning was assessed (Table 4) . These 6 stunning protocols were: 1) 15 V DC + 100 V AC, 2) 15 V DC + 110 V AC, 3) 15 V DC + 120 V AC, 4) 25 V DC + 100 V AC, 5) 25 V DC + 110 V AC, and 6) 25 V DC + 120 V AC. An industry-typical control treatment of 15 V DC followed by no AC or low voltage AC was not included because it is generally accepted that broilers should recover from electrical stunning at these parameters. In addition to assessing the ability of each broiler to recover consciousness, live body weight, shank width, and maximum current reached during both the DC and AC stunning were measured. Repetitions 1 to 4 are reported separately from repetitions 5 and 6 due to a significant difference in the live body weight of broilers utilized. There were no significant differences in live body weight or shank width within repetitions 1 to 4 or 5 and 6. As anticipated, DC current was significantly higher when broilers were stunned at 25 V versus 15 V. AC current obtained when broilers were stunned at 120 V was significantly higher than broilers stunned at 100 V.
Stunning at 110 V was intermediate with current significantly lower than 120 V but the same as 100 V in the broilers that were DC stunned at 15 V. In the broilers that were stunned at 25 V DC followed by 110 V AC, there was no significant difference between the current obtained between 100 and 110 V or between 110 and 120 V. There were no significant interactions between DC and AC stunning. Out of a total of 165 broilers subjected to a combination of DC water bath and AC plate stunning, only 4 broilers regained consciousness (2.4%). Of those 4 broilers, 3 had maximum mA currents of less than 51% of the average AC maximum mA for the corresponding AC plate voltages. Upon further examination, it was determined that this issue of low maximum current for a few broilers was due to a problem with broiler-plate contact that was caused by alignment of the shackle line with the stunning cabinet plate. This issue was remediated immediately following detection of the problem. In a previous study where broilers were AC water bath stunned at 82 to 117 V for 4 s, 10 to 28% of broilers recovered consciousness (Wilkins et al., 1998 ). In the current study the combination of a 10 s DC water bath stun followed by a 5 s AC plate stun was more consistently able to render the broilers unable to recover from stunning (>97%). Fibrillation of the heart is hypothesized to be the reason why broilers were not able to recover in this study, but was not directly measured. Previous work by has indicated that electrically stunned Table 5 . Correlation coefficients (r) of body weight (g), shank width (mm), DC water bath stunning current (mA), and AC plate stunning current (mA) from broilers, Experiment 2. broilers that are killed due to stunning experience ventricular fibrillation. The higher percentage of broilers unable to recover consciousness in this study compared to previous studies may be related to either the total duration of stun (15 s) or the type of stuns (water bath and plate) or both. When immersion depths of shallow (head dipped) and deep (dipped up to the base of the wings) were compared in a study utilizing AC stunning, significantly fewer broilers had fibrillated hearts when individually dipped up to the base of the wings (70 vs 78%; . In addition to individual stunning, broilers were stunned in groups of 5 to determine if stunning multiple broilers simultaneously would have an impact on the recovery of consciousness. Of the 120 broilers stunned at 15 V or 25 V DC followed by 100 V or 120 V AC, no broilers recovered consciousness (0%, 6 groups of 5 broilers per stunning protocol) indicating that the stunning protocols administered here are expected to be effective during stunning of multiple broilers as well as individually.
Correlation coefficients were also calculated for Experiment 2 to assess the relationship between live body weight, shank width, and maximum DC and AC current (Table 5 ). The correlation coefficients (r) between body weight and shank width as well as shank width and maximum mA were not as strongly correlated as was found in Experiment 1 and ranged between 0.21 and 0.50. However, the correlation coefficients between body weight and maximum mA were moderate (0.54) to strong (0.81) and all were significant. These data indicate that the body weight may have a stronger impact on the maximum mA current that is passed through each broiler than the shank width, which was predicted to impact contact of the leg shank within the shackle.
In Experiment 3, carcass and meat quality characteristics including breast fillet hemorrhage scores, red wing tip scores, broken clavicles, breast fillet pH, cook loss, color (L * , a * , b * ), and MORS shear energy were evaluated following 6 stunning protocols (Table 6 ). Industry typical control treatments of 15 or 25 V DC were included to directly compare the experimental stunning protocols to industry protocols and because the broilers were bled and processed to assess meat quality (not a recovery study). No significant differences were detected in any of the carcass and meat quality parameters except for L * values. The 15 V DC/100 V AC stunning protocol had fillets with the lightest breast fillets while the 15 V DC stunning protocol had fillets with the darkest breast fillets, with all other stunning protocol groups intermediate. However, the significant Table 6 . Carcass and meat quality characteristics of broilers electrically stunned using DC (15 or 25 V) water bath stunning followed by AC (none, 100, or 120 V) plate stunning, Experiment 3. 1 Shackled broilers were water bath stunned with direct current (DC) for 10 s. 2 Shackled broilers were plate stunned with alternating current (AC) for 5 s immediately following the water bath stun with direct current (DC) for 10 s.
3 BWT = body weight. 4 Hem Score = hemorrhage score, 0 = none, 1 = mild, 2 = moderate. 5 RWT = red wing tips, 0 = none, 1 = mild, 2 = moderate. 6 Standard deviation. 7 BWT and meat quality characteristics were analyzed by GLM and means separated by THSD. Incidence of broken clavicles was analyzed by Fishers Exact Test.
A,B Values within a column with no common superscript differ significantly (P ≤ 0.05).
difference of 2.34 L * value units may not have any practical significance since this difference may not be visually detectable by the consumer. In a previous study where broilers were stunned at either 15 V or 25 V DC for 10 s, no significant differences were detected in breast fillet hemorrhaging, color, or pH at 2 h postmortem or shear value and cook loss at 24 h postmortem (Huang et al., 2017) .
The results of this pilot plant study indicate that it may be possible to utilize stunning protocols that render the broiler unable to recover consciousness while minimizing meat quality defects. Further investigations on a larger, commercial scale need to be conducted to validate these stunning parameters.
